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Today’s talk

• Intro to seismic hazard, risk, and GEM

• GEM Seismic Hazard Map and Global Active Fault Database

• Topics for hazard-related geophysics research



What is seismic hazard and risk?
• ‘Hazard’ is defined as the likelihood of an event occurring

–Usually ground motions (PGA, etc.) at/above some value in 

some time interval at some site

• Hazard is the combination of earthquake occurrence and 

ground motion predictions

• Probabilistic Seismic Hazard Analysis (PSHA) considers all 

~reasonably~ possible earthquakes, with assigned 

probabilities, and many ground motion models (with 

uncertainty) to compute a probabilistic result

• ‘Risk’ is the product of the consequence of the event and the 

hazard

– Probabilistic or deterministic (scenario events)



Earthquake losses

• ~1.6 million earthquake deaths since 1900 (Wikipedia)

• $ 661 Billion USD losses 1998-2017 (UNISDR)

Data from https://ourworldindata.org/natural-disasters



Who is GEM?

• Global Earthquake Model Foundation: Small non-profit based in 

Pavia, Italy

– Public-private partnership

–~ 25 people (engineers, geoscientists, programmers, staff)

• Focused on earthquake risk reduction through better hazard and 

risk estimation

–Data collection

–Hazard and risk modeling

–Software development

• Not a research institution

–Research important but secondary to implementation

–Work closely w/ govs to better prepare for earthquakes



What does GEM produce?

• Datasets:

–Global earth science datasets (e.g., faults, EQ catalogs)

– Local to global human exposure data, vulnerability fns

• Hazard and risk models

–Regional, national, subcontinental scale PSHA models

• New models, collaborative models, reimplimentations

–Seismic risk models of various scales

–Data + models used in building codes, insurance rates,…

• Software

–OpenQuake: Capable, high-performance PSHRA software 

written in Python (GPL)

– github.com/gem/oq-engine



We’re hiring!
• Looking for a hazard modeler (post-doc or post-MS)

–Strong background in scientific programming

–Solid understanding of seismology, tectonics or PSHA

• Good work environment

– Impactful

–Great team

– Fun, challenging work

• Pavia is lovely

• Email jobs_hazard@globalquakemodel.org



GEM Global Seismic Hazard Model / Mosaic

• Global hazard compilation made from 30 constituent models

• Models implemented in, or converted to, the OpenQuake format 

and run on OpenQuake at GEM

• Individual models updated and re-run regularly as new info 

available

–Mosaic is dynamic, always up-to-date, reproducible



Hazard Mosaic Models



GEM Global Seismic Hazard Map

• Hazard results computed from each model on a uniform grid

• Metric: PGA at 10% probability of exceedance in 50 years

• ~3.5 million hazard sources producing ~1.8 billion distinct 

ruptures, ~90 ground motion prediction equations



GEM Global Seismic Hazard Map

https://www.globalquakemodel.org/gem
Pagani et al., in revision, Earthquake Spectra



GEM GAF-DB

https://github.com/GEMScienceTools/gem-global-active-faults



GEM Global Active Fault Database (GAF-DB)

• First active fault database with ~global coverage

~13,500 faults

~10,500 slip rates (~77%)

• Compilation of 19 regional or thematic datasets

• Evolving, dynamic, built programmatically

• Map style and attributes/metadata geared toward 

hazard assessment

https://github.com/GEMScienceTools/gem-global-active-faults



GEM GAF-DB Sources



Fault Attributes



Fault Attributes

geometry



Fault Attributes

kinematics



Fault Attributes

slip rates



Fault Attributes

uncertainty

(mle, min, max)



Fault Attributes

other info



Map style

Where possible,

• Each fault trace is an independent seismic source

• Traces should represent full-fault, Mmax rupture*

• Different than USGS Qfaults mapping style

*yeah yeah Kaikoura I know



Slip rates and fault lengths

Continental Oceanic

Normal reverse dextral sinistral

Styron and Pagani, revisions submitted, Earthquake Spectra



Slip rates and fault lengths

Continental Oceanic

Normal reverse dextral sinistral

Median: 0.6 mm/yr Median: 30 mm/yr

Styron and Pagani, revisions submitted, Earthquake Spectra



Assembly
• GAF-DB assembled programmatically from constituent datasets

– Each dataset is loaded, and attributes (columns) are selected 

and parsed/translated to GAF-DB format with custom Python 
functions for that dataset

– Final GAF-DB catalog is assembled and then subject to some 
data QA checks

• Assembly takes ~1 minute

• Assembly performed each time constituent datasets are 
updated, or new databases are added, or GAF-DB schema 

changes

• Transparent, repeatable



Harmonization

• GAF-DB contains overlaps between different catalogs

• ‘Harmonization’ process removes faults from one catalog in 

case of overlaps

–One catalog takes priority (faults retained)

– In some cases, only intersecting (crossing) faults are 

considered

– In others, all faults removed from lower-priority catalog if 

they intersect convex hull around higher-priority catalog

• Repeatable, automated, no modifications to data or catalogs



Data Formats

• The GAF-DB is a vector GIS database

– Fault traces are polylines

• One feature (row) per fault

• No multi-line types

–Metadata for each fault are GIS attributes

• GeoJSON format is ‘version of record’, for editing, storing, VCS

– Plain-text vector GIS format

• Primary webmap format, used by QGIS, Python, etc.

–Conversions to GeoPackage (SQLite), ShapeFile, GMT, etc. 

done after assembly and harmonization



Updates and Version Control

• GAF-DB .geojson tracked with git version control software

– 1 line in file per fault: easy per-fault change tracking

–Updates, contributions, schema changes all recorded, undo-

able

–Software development best practices (merging, forking, pull 

requests and change reviews, etc.) work well

• Dissemination through GitHub

– Extremely easy to publish changes

–Users always have access to latest version + all previous 

versions



GEM Regional DBs: Central Am. Carib.

Styron et al, revisions submitted, NHESS



GEM Regional DBs: N. Africa

Poggi et al., in review, Bull. Earthquake Eng.



GEM Regional DBs: NE Asia



Topics of Hazard + Geophysics interest

• All of the following topics are areas of scientific debate with 
hazard implications

• If you’re interested in working on them with hazard modelers, 

please email me:

• richard.styron@globalquakemodel.org



GEM + Geodynamics: What can you do for GEM?

• PSHA based on many scientific components

– Framework is reasonable

–Most components could use refinement

• All aspects of earthquake processes have hazard and risk 

implications

–With PSHRA implementation, can quantify human impacts 

–Collaboration can focus earthquake research, increase 

accuracy of hazard and risk models



GEM + Geodynamics: What can GEM do for you?

• Areas for PSHA improvement are generally scientifically 
uncertain

• Different Earth behaviors imply different physics or geology

• Linkage of statistical models or simulations with physics allows 

for better testing of geophysical or geological hypotheses

–Generate stochastic earthquake catalogs, ground motions

– Test against observations

• BROADER IMPACTS



Fault magnitude-frequency distributions

• The frequency / probability of earthquakes of different 

magnitudes on a fault is debated, very important for PSHA

– Primary candidates: Gutenberg-Richter, Characteristic

• Fault MFDs + background MFD = regional GR MFD
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Styron and Hetland, 2014, GRL



Fault magnitude-frequency distributions

• Statistical analysis of 

paleoseismic datasets 

(weakly) supports 

characteristic-type MFDs

• Statistical and observational 

seismology favors 

Gutenberg-Richter

• Modeling studies generally 

produce characteristic-type 

MFDs (given most setups)

–Controlling parameters?

model for faults, but only for magnitudes above 6.5; smaller
magnitude events are modeled separately as part of the
smoothed background seismicity (Petersen et al., 2008). On
a purely physical level, the characteristic-earthquake and trun-
cated-exponential models motivate different understandings
of the mechanical properties and rupture processes of faults.

Constraints on Earthquake-Magnitude Distribution

In the mid-1980s, the approach to estimating earthquake
distribution models for individual faults changed from using
observed rates of seismicity to using the slip rate and balanc-
ing the moment rate on the fault. In the moment-rate-
balancing approach, the annual accumulation of moment is
set equal to the average annual release of moment in earth-
quakes. The annual accumulation is given by μAS, in which
μ is the shear modulus of the crust, A is the area of the fault,

and S is the slip rate. The average annual release of moment
is given by the annual rate of earthquakes, N, times the mean
moment per earthquake, M0=Eqk. Setting the annual accu-
mulation to be equal to the annual release, gives

μAS! NMean
!
M0

Eqk

"
: (2)

The mean moment per earthquake depends on the distri-
bution of earthquake magnitudes and can be approximated by

Mean
!
M0

Eqk

"
!

Z
Mmax

Mmin

10"1:5M# 16:05$fm"M$dM; (3)

in which fm"M$ is the probability density function describing
the distribution of earthquake magnitudes on the fault.

Early applications of this approach used the truncated
exponential distribution for fm"M$, but if this distribution
was truncated at a maximum magnitude following standard
practice (using fault dimension as a constraint on the magni-
tude), it led to a much higher rate of small- and moderate-
magnitude earthquakes than has been observed formost faults
(e.g., Youngs et al., 1992, 2000; Wesnousky, 1994; Stirling
et al., 1996; Ishibe and Shimazaki, 2012). An example for
the Hayward fault is shown by the blue curve in Figure 2.

One of four approaches can be used to resolve this dis-
crepancy in the rate of small- and moderate-magnitude earth-
quakes: (1) increase the maximum magnitude, (2) modify the
shape of the probability density function to increase the
relative number of large-magnitude earthquakes (following
the characteristic-earthquake model), (3) broaden the width

Truncated-Exponential
Model

(a)

(b) Characteristic-Earthquake
Model

Magnitude, M

Magnitude, M

Window of geologic observations
above threshold of surface faulting, T

Mmax

Mmax

T

T

Figure 1. Alternative models of earthquake-size distribution
considered in this article. The plots, which are shown schematically
to have equivalent moment-release rates, are identical at the small
and moderate magnitudes sampled by the historical record but are
distinct within the portion of the magnitude–frequency spectrum
sampled by the paleoseismic record. (a) The truncated-exponential
model predicts that the frequency of earthquakes follows a continu-
ous log linear relation (equation 1, typically with b! 1) up to some
limiting maximum-magnitude earthquake (Mmax). (b) Under the
characteristic-earthquake model, earthquakes at or nearMmax occur
at the expense of smaller, moderate-magnitude events. This is re-
flected in the lower slope (bvalue ≪ 1) of the magnitude–
frequency curve for an interval below the characteristic event.

Figure 2. Hayward fault (California) example of the discrep-
ancy in rates of small-magnitude earthquakes (from a zone
% 5 km on either side of the fault) if moment rate on the fault is
balanced and the truncated-exponential model is used with a maxi-
mum magnitude based on fault dimension (Mmax 7.05, blue curve).
This discrepancy can be removed by using a largerMmax (here 8.25,
orange curve) or by using the Youngs and Coppersmith (1985) char-
acteristic-earthquake model (with Mchar6:8 % 0:25, green curve).
Adapted from Geomatrix Consultants (1993).

652 S. Hecker, N. A. Abrahamson, and K. E. Wooddell

Geophysical Research Letters 10.1029/2019GL083628

Figure 3. (a) Distribution of rupture lengths for simulations with a∕b = 0.75 showing characteristic distribution at
small W∕L∞, a bimodal distribution for W∕L∞ ∼10, and a truncated power law distribution for large W∕L∞ (up to
415). N∕Ntot is the normalized survival function (fraction of events at least equal to a certain rupture length). The
dotted line shows the power law exponent consistent with the scaling in equation (6). (b) Frequency-magnitude
distribution from ruptures in a 3-D medium estimated as outlined in section S4. The dotted lines show a
Gutenberg-Richter b value of 0.75 and 1.0.

indeed any geometry with a local curvature radius ≫ Ln. The scaling of the critical slip required for a full
rupture (equation (3)) is also common to other geometries and varies only by a geometrical factor of order
1, as demonstrated by Cattania and Segall (2019) for circular asperities and in section S3 for a vertical fault
reaching the free surface.

I test these predictions against numerical simulations of vertical antiplane faults (Figure 1), described in
section S1. For this simple geometry, the only modification to the theory above consists of including the
effect of the free surface, which modifies equation (3) by a factor " = 0.71 (section S3). Using expressions
for fracture energy from rate-state friction, the condition # = 1 is satisfied by

# ≈0.45
√

W
L∞

. (7)

Therefore, partial ruptures are possible when # > 1 or W > (5 ± 2)L∞ (the range corresponds to the standard
deviation of Ln∕L∞, as shown in Figure S2). Figure 2a shows a set of simulations with variable frictional
(rate-state) parameters and fault dimension: W∕L∞ = 5 ± 2 is a reasonable approximation of the transition
between single to double rupture cycles. The number of earthquakes per cycle is also well fit, to first order,
by equation (7) (Figure 2b). Note that equation (7) is derived assuming that each displacement increment Sn
corresponds to a single rupture; as discussed in the next section, this may not be true in 3-D, and the actual
number of events per cycle can be higher than this (and may be estimated by geometrical arguments; see
section S4). Moreover, in addition to the interseismic displacement accrued in the creeping region, the stress
field is modified by the occurrence of partial ruptures: for example, the area of lower stress that can stop
propagation of a further rupture (e.g., Lapusta, 2003). I find that this can lead to the occurrence of partial
ruptures even when the energy criterion above is satisfied (S(t) > Sfull) and increase the fraction of partial
ruptures relative to equation (7).

3. Distribution of Rupture Lengths and Magnitudes
The distribution of rupture lengths is characteristic for small seismogenic regions and bimodal for those
large enough to have a partial rupture per cycle (Figure 3). If the seismogenic region exceeds hundreds
of nucleation lengths and multiple (> 10) ruptures per cycle, the distribution appears close to a power law
truncated at the characteristic length W and spans 2 orders of magnitude. I do not attempt to derive this
distribution from first principles but instead seek the power law exponent consistent with previous results.
Consider a survival function of the form N(l) = Al−$ between Lmin and Lmax, where A is a constant and N is
the number of events with rupture length≥ l. The total number of events is simply AL−$

min, and the number of

CATTANIA ������

Hecker et al., 2013, BSSA; Cattania, 2019, GRL
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Figure 1. Probability density (a) and cumulative distribution (b) functions of ex-
ponential (Poisson), BPT, log–normal, gamma, and Weibull models. All distributions
have mean 1 and standard deviation 0.5 (except the exponential distribution).

timum model for a variety of probability distributions. His
results strongly suggest that empirical analysis can discrim-
inate against the exponential model, but hope for any elu-
cidation beyond that level is futile with presently available
data.

The Brownian Relaxation Oscillator

The analysis of series of events, in particular, failure-
time data, has wide application across the sciences (Cox and
Lewis, 1966; Kalbfleisch and Prentice, 1980). Throughout
the literature, the exponential, lognormal, Weibull, and
gamma distributions have been widely used as models for
stationary-point processes. As discussed in the preceeding
section, empirical fitting of these models to data may capture
the main features of interest, but they give no insight into
the process. Alternatively, models can be constructed on
more theoretical grounds that achieve the same measure of
performance. In this section, we introduce a simple model
of a recurrent-earthquake source.

Consider a fixed, seismic source loaded by steady tec-
tonic forcing and rupturing in repeated occurrences of its
characteristic earthquake. The sequence of identical events
produced by this model can be described as a point process
(Cox and Lewis, 1966). A variable describing the “load
state” of a source in cyclic “stick-slip” motion traces, over
time, the sawtooth-shaped path of a relaxation oscillator. The
load state is at some ground level immediately after an event,
increases steadily over time, reaches a failure threshold, “re-
laxes” instantaneously back to ground level at the next earth-
quake time, and so on.

The relaxation oscillator portrays an idealized object for
which the obvious question, “What is the load state?”, lacks
an obvious answer. The load state might be associated with
cumulative elastic strain, as originally proposed by Reid
(1910), but it could equally well summarize other physical
variables, like cumulative moment deficit or cumulative
stress. It might also represent the Coulomb stress history at
the unknown location where rupture initiates at the conclu-
sion of each cycle, as discussed by Toda et al. (1998). At
this juncture, the load state is simply a formal representative
of rupture potential.

Let Y0(t) denote the load state at time t, measured on a
scale where the postevent ground state is x0, the failure state
is xf ! x0 " d, d ! 0, loading has a constant rate k ! 0,
and Y0(0) ! x0. Relaxation events, that is, earthquakes,
occur at times tk kd/k, k ! 0, 1, 2,. . . . (The symbol,D

!
“ ”, read “is defined to equal,” is used when the right-handD
!

side of an equation defines the symbol on the left-hand side.)
The function X0(t) k0t measures the cumulative appliedD

!
load from time zero to time t, and r(t), t ! 0 will denote the
last relaxation time preceding t. The relaxation oscillator
path is

Y (t) ! x " k • [t # r(t)]0 0 0 (1)
! x " X (t) # X [r(t)]0 0 0

To effect a statistical mechanical description of elastic re-
bound, we assume that the ground and failure states, x0 and
xf , remain fixed while the load path is subject to random
perturbations. The cumulative load is the state-valued sto-

2240 M. V. Matthews, W. L. Ellsworth, and P. A. Reasenberg

Table 1
Properties of Candidate Interval Distributions

Name Probability Density Shape h(0) l/m!

Brownian passage time 1/2 2l (t ! l)
exp !! " ! "2 3 22p! t 2! lt

Ff→ 0 2!2

Exponential "e!nut → "!1 1

h" 1 f→ !
Gamma h h!1 !vtm t e

C(h)
h!1

h# 1 F→ 0

h" 1 f ! 0
Weibull h h!1 h hhm t exp(!m t )

h# 1 F 0 !

Lognormal !1 2(log t!l)
2prt exp !#! " ! "22r

Ff 0 0

Columns are as follows: 1, name of parametric family (and indication, as necessary, of parameter range
restriction for following columns); 2, parametrized probability density function; 3, shape of failure-rate function:
F " increasing, f " decreasing, → " constant; combination of symbols indicates changing behavior with time,
e.g., the BPT failure increases for some time, then decreases, and flattens out to a constant asymptotic level; 4,
failure rate at t " 0; 5, ratio of mean and quasi-stationary mean recurrence interval.
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Figure 5. Hazard-rate functions for candidate re-
currence distributions. All distributions have mean 1
and standard deviation 0.5 (except the exponential
distribution).

and increase to a finite asymptotic level that is always
smaller than the mean recurrence rate. Hence, these distri-
butions cannot produce behavior equivalent to the signal-
dominated regime in the Brownian passage-time family.

Figure 5 shows plots of the hazard-rate functions for the
five distributions under discussion (see also Fig. 1 for the
corresponding probability density functions [pdfs]). The pa-
rameters for each distribution are set so that the mean re-
currence time is equal to 1. For all but the exponential, which
has only one adjustable parameter, the aperiodicity is equal
to 1/2. Although ! " 1/2 is selected here for illustration,
Ellsworth et al. (1999) proposed this as a generic aperiodic-
ity based on 37 recurrent earthquake sequences, !0.7 # M
# 9.2.

There are several noteworthy comparisons to be made
of the probability densities as well (Fig. 1). The lognormal
and BPT functions put least weight in the left tail, near t "
0. For these two distributions, the density and hazard rate
are essentially zero for about the first 25% of the mean re-
currence interval. This behavior seems desirable in light of
the strain-budget interpretation of elastic rebound and con-
trasts with the Weibull and gamma functions, which increase
relatively steeply from zero at t " 0. All density functions
are unimodal, with mode left of the mean. The lognormal is
the most sharply peaked, followed in order by the BPT,
gamma, and Weibull.

For every member of the lognormal family of distribu-
tions, the hazard rate goes to zero, and the mean residual life

Earthquake recurrence/ time dependence
• PSHA models are typically time-

independent (Poisson)

–Hazard doesn’t depend on time 

since last event

• Quasi-periodic earthquakes on large 

faults are thoroughly embedded in 

earth science mindset

• Statistical seismologists often favor 

Poisson/time-independent recurrence

Matthews et al., 2002, BSSA



Earthquake clustering
• Abundant observational evidence 

for earthquake clustering within 

fault network (and maybe across 

the globe)

• Generally assumed to be from fault 

interaction (stress/strain triggering)

• Changing boundary/loading 

conditions could also be 

responsible

-14 -10 -6 -2 0 2
Thousand Year (C.E.)Styron and Sherrod, 2016, AGU fall meeting



Fault interaction

• If faults interact, modeling is more complicated

– Independent probabilities of rupture calculated independently

–Many interacting faults mean massively dependent 
probabilities, lots of state

–Markov or probabilistic graphical model techniques?

• What are the different modes of fault interaction?

• What are the resulting patterns of seismicity?

• What do they imply about lithospheric properties or behavior?



Slip rates
• How much do slip rates change with time, and why?

• Do geodetic, paleoseismological, neotectonics and various 

bedrock geologic techniques measure the same processes?

–No.  But does how much it matter?

–What best predicts near-future earthquake occurrence?

youngest gravels in T2B. We therefore use the boundary age between the T2A and T2B surfaces (which
encompasses the T2A and T2B terrace ages, and all ages in between), yielding 56 + 3.0/!2.0 m of slip
since 8.1 ± 0.8 kyb2017.

The T1/T2 riser is the youngest, least-offset feature associated with T2 (Figure 2d). The channel system that
was responsible for final shaping of the T1/T2 riser crosscuts all other features preserved in T2 and is incised
into the T2B surface. The age of T2B therefore represents a likely close maximum age (7.6 + 0.7/!0.8 kyb2017)
for the 45 ± 3.0 m T1/T2 riser offset.

Both the T3–T4/T5 and T2B/T3 risers are dated by their respective adjacent lower terrace treads (Figure S3
and Text S5). The 12.5 + 3.0/!1.5 m T3–T4/T5 riser offset is dated by T5 floodplain abandonment
(4.3 + 0.3/!0.4 kyb2017), and the 33.5 + 2.5/!3.5 m T2B/T3 riser offset is dated by T3 floodplain abandon-
ment at 5.2 ± 0.5 kyb2017.

The 9.5 ± 1.0 m of offset recorded by the T5/T6 riser is best dated by the gravel age of the T6 terrace tread
(1.8 ± 0.3 kyb2017). This offset and age are supported by the Mason (2004) paleo-earthquake record from
their T1 trench (Figure S6), as well as by the smallest (~2.5 m) geomorphic offsets observed just east of
Saxton River (Mason, 2004; Zinke et al., 2016). Specifically, the most recent surface-rupturing earthquake
(MRE) at Saxton River occurred <300 calendar year B.P. (Mason, 2004). This event (inferred to be the 16
October 1848 M 7.4–7.5 Marlborough earthquake (Grapes et al., 1998; Mason, 2004)) was the most recent
of an apparent four-event cluster of events that likely occurred during the past c.1 kyr (i.e., since T6 was
abandoned c.1.8 ka) (Mason, 2004). If each of these four events had ~2.5 m of slip, the resulting ~10 m of
slip closely matches the 9.5 ± 1.0 m offset we determine for the T5/T6 riser. Moreover, the

Figure 4. (a) Displacements and ages of offset features. The error bars show 95% uncertainty limits. (b) Monte Carlo sam-
pling of displacements and ages yields incremental slip rates (mm/yr ± 1-sigma uncertainties) for each interval. (c) Terrace
tread elevation versus tread age (gray field) superimposed on incremental fault slip history. Note that Saxton River incision
rate generally tracks incremental fault slip rate, suggesting that incision may be controlled by local base level changes
related to vertical tectonic motions. (d) Incremental slip rates versus feature age. In Figures 4a and 4c, the potential edge of
initial incision into T1 is shown as dashed line.

Geophysical Research Letters 10.1002/2017GL075048

ZINKE ET AL. VARIABLE AWATERE FAULT SLIP RATES 6

Zinke et al., 2017, GRL



Slip rates
• How are regional 

deformation budgets 

distributed among faults?

• Can slip rates ‘trade off’ on 

faults in a network?

• Do areas of significant 

aseismic strain rate exist?

Our paper focusses on the Karakudzhur fault in the central Tien Shan (Figure 2). This fault shows abundant
evidence of late Quaternary activity (Djumabaeva, 2012; Korjenkov, 2006; Omuraliev & Omuralieva, 2004;
Strom & Abdrakhmatov, 2018). Satellite and field‐based observations describing the structure and geomor-
phology of the Karakudzhur basin margin fault are first presented, starting in the east of the basin and end-
ing in the west. We estimate the fault slip rate averaged over Holocene and late Pleistocene timescales by
dating three fluvial terraces displaced by the fault using radiocarbon, post‐infrared infrared stimulated lumi-
nescence (IRSL) dating (pIRIR) of K‐feldspar grains, and uranium (U series) dating methods. Additionally,
we uncover evidence for a large surface‐rupturing earthquake in the last ~1,500 years, which may have
caused widespread mass movements in the adjacent highlands.

2. Tectonic Background

The Tien Shan consist of a number of elongate east‐west mountains, many of which expose Paleozoic bed-
rock in their cores. The ranges are separated by basins with variable thicknesses of Cenozoic sedimentary

Figure 1. (a) Shaded‐relief topography of the Tien Shan showing GPS velocity field relative to Eurasia (Zubovich et al.,
2010). (b, c) GPS velocities relative to Eurasia and swath topography projected onto profile lines drawn orthogonal to
the strike of the Tien Shan. North directed velocities are shown in red, and east directed in blue. Both profiles show a
relatively steady northward decrease in north directed velocity.

10.1029/2018TC005433Tectonics

CAMPBELL ET AL. 2

Campbell et al., 2019, Tectonics



Seismicity in slow-strain rate regions

• Very hard to estimate locations and rates of earthquakes in 

low-strain rate regions

• Cold crust -> high ground shaking -> PSHA bullseyes around 

past events

Pagani et al., in revision, Earthquake Spectra



Seismicity in slow-strain rate regions

• How different will patterns of seismicity be over the next 100 

years compared to the past 100 years?

• Is seismicity caused by tectonic stress/strain or by other 

processes (post-glacial rebound, thermal stresses…)?

• Limited to pre-existing fault zones?



Ground motions

• Ground motion prediction 

equations have huge 

uncertainties, variability 

• How to model seismic 

attenuation across tectonic 

boundaries?

• How to deal with variable site 

conditions within a model?

• Machine learning models?

Robin Gee, personal communication



How are faults loaded?

• Fault loading through creep at depth means earthquakes are 
consequence of fault slip at depth

• Fault loading by elastic crustal stresses means earthquakes and 

fault slip are consequences of farther-field stress

Alternatively, the earthquake recurrence interval g can be
adjusted by the clock change as g = g 0 + T 0.
[5] The rate that faults are stressed by tectonic loading is an

essential parameter for assessing hazard when earthquake
interactions have occurred. Confidence in stress change
calculations has grown through repeated correlation with
seismicity rate changes [e.g., Harris, 1998, and references
therein]. Less is understood about tectonic stressing of
individual faults. This study builds on previous finite element
modeling of California and the San Francisco Bay region
[Ben-Zion et al., 1993; Furlong and Verdonck, 1994; Bird
and Kong, 1994;Reches et al., 1994;Wang et al., 1995;Wang
and Cai, 1997;Kenner and Segall, 1999;Geist and Andrews,
2000] and is conducted for the purpose of determining
tectonic stressing rates for seismic hazard application.

1.2. Model Dependence of Calculated Stress
Distribution

[6] The San Francisco Bay area rests atop a broad plate
boundary, and it remains unclear how plate boundary stress
is transferred to seismogenic faults [e.g., Lisowski et al.,
1991; Savage et al., 1999]. Geodetic measurements in the
San Francisco Bay region show that the interseismic strain
field is diffuse and not concentrated at faults [e.g., Williams,
1995; Savage et al., 1999; Prescott et al., 2001]. Stressing
rates on vertical faults can be calculated with deep, creeping
dislocations located beneath locked faults [e.g., Simpson
and Reasenberg, 1994; Stein et al., 1997]. Such modeling
may be achieved using elastic methods [e.g., Okada, 1992].
However, the San Francisco Bay region presents difficulties
because there are numerous sources of feedback and inter-
action that may impact tectonic stressing. As shown in
Figure 1, there are four major, nearly parallel right-lateral
strands of the San Andreas fault system that cross through
the Bay area: from west to east they are the San Gregorio,
San Andreas, Hayward, and Calaveras faults. The 1906
stress shadow is ample evidence that an earthquake on one
fault affects others; the 1989 M = 7.1 Loma Prieta earth-
quake also changed seismicity rates on neighboring faults
[Reasenberg and Simpson, 1992; Parsons et al., 1999].
[7] Different techniques for stressing rate calculations

result in very different distributions of lithospheric stress.
A model of tectonic loading by deep, aseismic fault slip
causes the crust intervening between faults to carry less
plate boundary stress than at the faults (Figure 3). That
stress distribution may be difficult to reconcile with con-
clusions that the San Andreas and related faults are weak
with low friction coefficients [e.g., Lachenbruch and Sass;
1980; Zoback, 1991; Reasenberg and Simpson, 1992; Bird
and Kong, 1994; Miller, 1996; Geist and Andrews, 2000],
and would be expected to support relatively less stress than
the surrounding crust. Tectonic stressing modeling that
incorporates whole lithosphere deformation shows a more
uniform crustal stress distribution (Figure 3).
[8] In addition to issues of elastic interaction and stress

distribution during tectonic loading, there may be important
contributions to fault stressing from anelastic processes.
Postearthquake afterslip and viscoelastic relaxation of the
lower crust and upper mantle are thought to redistribute
stress into the seismogenic crust over time [e.g., Nur and
Mavko, 1974; Savage and Prescott, 1978]. Viscoelastic
deformation may also play an important role in distributing

tectonic stress into the seismogenic crust. Thus a three-
dimensional finite element model of the San Francisco Bay
area was constructed to incorporate fault interactions, after-
slip, and viscoelastic relaxation in modeling pre- and post-
1906 fault stressing rates for the San Francisco Bay area. Use
of finite elements means that coseismic elastic stress changes
can be seamlessly melded with postseismic viscoelastic
stress changes. A three-dimensional model allows the influ-
ence of fault bends and junctions on stressing rates to be
accounted for. Tectonic loading is accomplished by remotely
moving one plate past another, which unlike dislocation
models, means no assumptions are made as to whether local
loading is driven from below or within the lithosphere.

2. A Finite Element Model of the San Francisco
Bay Area Lithosphere

[9] A finite element model was constructed to determine
the rate of tectonic stressing on San Francisco Bay area
faults and to model the stress recovery following the 1906
earthquake. The model incorporates five key features: (1)
the Pacific plate moves past the North American plate at
!39 mm/yr on a N34!W oriented vector [e.g., De Mets
et al., 1994; Savage et al., 1999], (2) the San Francisco Bay
region is crossed by near-vertical strike-slip faults that cut

Figure 3. Modeled shear stress distribution in the crust
resulting from deep dislocation slip loading and from a 3-D
finite element model of plate interactions. Both models fit
observed fault slip rates [e.g., Working Group on California
Earthquake Probabilities, 1999], but the methods predict
very different stress distributions as the example profile
plotted for 6.5 km depth demonstrates. The dislocation
model has 100-km-deep elastic dislocations arranged
beneath each parallel right-lateral fault, which slip at
observed long-term rates. Shear stressing rates are greatest
on the locked faults above the dislocations and drop
substantially in the crust between the faults. Nearly all the
plate boundary stress is carried on the presumed weak [e.g.,
Lachenbruch and Sass, 1980; Zoback, 1991; Reasenberg
and Simpson, 1992;Miller, 1996; Geist and Andrews, 2000]
transform faults. A contrasting approach, based on finite
element modeling discussed in this paper, stresses the whole
crust more uniformly; consequently, the faults are stressed
at lower rates.
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• Different loading models 
predict different modes of 
fault interaction and 
likelihood of off-fault 
seismicity 

Parsons, 2002, JGR



Questions? Comments?

• Thanks for watching/reading!

• Please contact me:

– richard.styron@globalquakemodel.org


